Ouabain, a cardiac glycoside, is a specific inhibitor of cell membrane Na+,K+-ATPase (ATP phosphohydrolase, EC 3.6.1.3) (1, 2). Na+,K+-ATPase mediates the active transport of Na+ and K+ across the cell membrane and is an essential enzyme for cell survival (3) . In recent years ouabain-resistant (Ouar) mutants have been reported in cultured rodent (4) (5) (6) (7) (8) and human (9) (10) (11) (12) (13) (14) cells. Human cells are naturally about 4 orders of magnitude more sensitive to ouabain than rodent cells and provide a greater range of sensitivity for studying the genetic control of drug resistance. In the past diploid human fibroblasts and lymphoblasts resistant to ouabain concentrations up to 1 MM have been isolated (9, 11, 12, 14) . The Na+,K+-ATPase gene in human cells is believed to be autosomal (12, 15) , and these cells have been regarded as heterozygous at the Na+,K+-ATPase locus.
In the present work we have isolated and characterized a diploid human lymphoblast line resistant to 10 MM ouabain. Detailed studies of ouabain binding to cell surface receptors, ouabain-inhibitable Na+,K+-ATPase activity, and other properties of cells resistant to 1 MM and 10MM ouabain, as well as wild-type cells, lead us to believe that, in the cells resistant to 10,MM ouabain, both Na+,K+-ATPase loci are markedly affected, equivalent to homozygosity. Furthermore, we infer
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MATERIALS AND METHODS Cell Cultures. The human lymphoblast line MGL8 was established by H. R. Zielke from a 28-year-old healthy male blood donor (16 (17) was modified to omit the human fibroblast feeder layer and to increase the fetal calf serum concentration to 20%. Cloning without a feeder layer lowered the plating efficiency to about 1-2% but seemed to increase the survival of clones when subcultured. Lymphoblasts were mixed with 2 ml of growth medium containing 0.3% agarose (Marine Colloids, Rockland, ME) and poured over a previously solidified layer of 3 ml of medium containing 0.3% agarose in a 60-mm petri dish. Cultures were fed with 1 ml of RPMI 1640 medium containing 20% fetal calf serum on the second day after plating and once a week thereafter. Clones could be counted and isolated after 4-6 weeks.
Isolation [3HjOuabain Binding. Logarithmically growing cells were washed and concentrated to 2-3 X 107 cells per ml in phosphate-buffered saline, pH 7.3/0.1 mM KCI (solution A) (12) . Aliquots of 0.1 ml were distributed into 13 X 100 mm glass tubes (Corning), and 0.5 ml of 5-150 nM [3H]ouabain (New England Nuclear) (14 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) was added to each tube. After incubation for various times at 370C, the reaction was stopped by adding 5 ml of cold solution A to each tube. Cells were immediately filtered under decreased pressure through a glass microfiber filter (Whatman grade GF/C), which had previously been soaked in a solution of nonisotopic ouabain in order to saturate nonspecific binding sites in the filter. The filters were washed rapidly eight times with 5 ml of ice-cold solution A to remove [3H]ouabain nonspecifically bound on the cell surface. This number of washes decreased the radioactivity bound to the cells to a constant value. The cells remained intact after these washes, as viewed under the microscope. Filters were dried under heat lamps and counted in Hydromix (Yorktown Research, South Hackensack, NJ) in a Beckman scintillation counter. 86Rubidium Uptake Assay. To determine rubidium uptake, 0.9 ml of 14 MzM 86Rb (New England Nuclear; 3.8 ACi/mg) was added to 2-3 X 106 lymphoblasts in 0.1 ml of solution A plus 10% fetal calf serum, and the mixture was incubated at 370C for 30 min. Uptake was stopped by the addition of 5 ml of cold solution A, and the cells were filtered immediately through a glass microfiber filter, followed by rapid washes of solution A, drying, and assaying as above. In this case, the filters had been soaked previously in 1 M KCI to saturate nonspecific binding sites. To study the inhibition of 86Rb uptake by ouabain, we preincubated the cells with appropriate concentrations of ouabain at 370C for 90 min before 86Rb uptake was measured.
RESULTS
Isolation of Mutants. First we selected from the MGL8 lymphoblast line in mass culture a subline (JHL6) resistant to 1 MM ouabain, and then from JHL6 a subline (JHL9) resistant to 10 MM ouabain. Fig. 1 shows the survival curves of parental MGL8 cells and the mutants, JHL6 and JHL9, in the presence of increasing concentrations of ouabain. JHL6 is about 100-fold and JHL9 is about 350-fold more resistant than MGL8.
These Ouar lines are stable, maintaining the resistant phenotype for over 2 years in nonselective medium. MGL8, JHL6, and JHL9 cells grow at about the same rate in the absence of ouabain. The JHL9 line has the banded karyotype of the parental MGL8 line (16) 86Rubidium Uptake Assay. The uptake of 86Rb, an analog of potassium, was used to assay Na+,K+-ATPase-mediated active transport (20 However, when 86Rb influx was measured as a function of ouabain concentration, different dose-response curves were observed. Fig. 6 shows that §6Rb uptake was markedly inhibited in MGL8 cells by 10 nM ouabain, whereas JHL9 cells retained almost all of their uptake at this concentration but were almost completely inhibited at 0.1 mM Quabain. On the other hand, the slope of the curve of inhibition of uptake for JHL6 cells at first appeared to parallel approximately that for MGL8 cells, but at about 10 nM ouabain changed to parallel approximately that for JHL9 cells. This curve suggested that JHL6 cells contained a mixture of receptor populations. Furthermore, in JHL6 the number of high-affinity receptors, as in MGL8, seemed somewhat greater than the number of low-affinity receptors, as in JHL9.
DISCUSSION
In this work we have derived from a mass culture of diploid human lymphoblasts a subline (JHL6) resistant to 1 ,uM ouabain, and from this subline another subline (JHL9) resistant to 10 /iM ouabain. These mutants occurred spontaneously, but their frequency could be increased approximately 10-fold by treatment of the parental line with chemical mutagens, such as 5-bromodeoxyuridine, ethyl methanesulfonate, and Nmethyl-N'-nitro-N-nitrosoguanidine. In this case the resistant cells could be selected as clones in soft agarose.
The JHL9 line is a very resistant diploid human cell line. Rodent cell lines are naturally even more resistant than this, up to close to the solubility limit for ouabain, so that the human cell system provides a greater range of sensitivity for analysis. Chemical mutagens such as those above, as well as ultraviolet light, have been found to induce ouabain resistance in the rodent cells, but interestingly, a frame-shift mutagen, ICR191, as well as gamma radiation, did not induce ouabain resistance (12, (21) (22) (23) . A possible explanation is that mutagens that can grossly alter or delete the Na+,K+-ATPase gene are lethal.
Our (24) . JHL6 appeared to retain an average of 39% of the receptors of MGL8, and JHL9 retained an average of 8.4% of the receptors of MGL8. On the other hand, our studies on the uptake of radioactive rubidium indicated that approximately equal activity of the Na+,K+-ATPase is present in MGL8, JHL6, and JHL9 cells. Therefore, it appears likely that a markedly decreased ouabain affinity is present in the receptors of some of the Na+,K+-ATPase molecules in JHL6 cells and in the receptors of almost all of the Na+,K+-ATPase molecules in JHL9 cells, presumably due to mutation in one or both structural genes, respectively, for the ATPase. Moreover, when the uptake of rubidium by MGL8, JHL6, and JHL9 cells was inhibited by increasing concentrations of ouabain, the results also suggested the presence of two populations of Na+,K+-ATPase molecules in JHL6 cells, one with a high affinity as in MGL8 and the other with a low affinity as in JHL9 (Fig. 6) .
Thus, the Scatchard plot analyses and the rubidium uptake studies together indicated that JHL6 cells are heterozygous at the Na+,K+-ATPase locus and that JHL9 cells are equivalent to homozygous at this locus. Homozygosity might be due to identical mutations in the two homologous structural genes, but perhaps it is more likely to represent two different structural gene mutations occurring sequentially in the two homologous loci for this enzyme, with each mutation causing a marked reduction in the affinity for ouabain. Alternatively, JHL9 might represent true homozygosity at this locus, achieved by mitotic crossing over or an equivalent parasexual phenomenon (25) . Loss of a chromosome in JHL6 or JHL9 cells that contains the gene for the Na+,K+-ATPase, or a deletion of part of this chromosome, is not likely to have occurred because the banded karyotype of JHL9 is the same as that for MGL8, the parental line, and because Na+,K+-ATPase activity is not decreased in JHL6 or JHL9.
The rubidium uptake studies further suggested that in heterozygous JHL6 cells ATPase molecules with high-affinity receptors outnumbered somewhat the molecules with lowaffinity receptors. The Na+,K+-ATPase is believed to be constituted of two identical 95,000-97,000 Mr polypeptide subunits plus a single 45,000-50,000 Mr glycopeptide (26) (27) (28) (29) (30) . The binding of a ouabain molecule to one of the identical polypeptide subunits is regarded as sufficient for inhibition of transport by that molecule (31) (32) (33) . Therefore, if a cell were heterozygous due to a mutation to decreased binding of ouabain in the polypeptide coded by one of the two homologous ATPase loci, the fraction of enzyme retaining high-affinity binding and sensitivity to inhibition of transport would be expected to be greater than that with low affinity and resistance to inhibition, up to 75%. Fig. 6 suggests that this is occurring to some extent in the JHL6 cells, especially if the residual rubidium uptake not inhibited by high ouabain concentrations in all three cell types is taken into account.
The definition of this two-step mutational system for ouabain resistance in diploid human lymphoblasts should have several uses. It should provide a good screening test for mutagens, because a relatively rare structural gene mutation appears to be involved. Next, these first-and second-step mutants, which appear to represent heterozygosity and the equivalent of homozygosity for this mutation, should help in the analysis of ion transport at the molecular level (34) . Furthermore, it is now possible to covalently attach radioactive ouabain molecules to the Na+,K+-ATPase (35) . In regard to cell biology, this should permit study, for example, of the distribution of the enzyme in heterozygous cells, in heterokaryons, and in hybrids between cells such as MGL8 and JHL9, as well as the identification of these two cell types in mixtures. Also, we have introduced a 6-thioguanine-resistant marker into JHL6, because lymphoblasts resistant to both ouabain and 6-thioguanine should provide a better "universal partner" than fibroblasts for human cell hybridization experiments due to their unlimited life span (11, 36) . Finally, chromosomes or purified DNA from JHL9 cells might be used to transfer the Ouar gene to sensitive cells in order to examine the expression of a cell membrane-bound enzyme essential for ion transport and survival (37) .
It deserves to be emphasized that, in contrast to diploid human fibroblasts, the indefinite life span of diploid human lymphoblasts allows time for the introduction of a second and subsequent mutations, even with a relatively rare mutation such as that to ouabain resistance. Further manipulations are possible. Also, many more lymphoblasts can be screened in a petri dish than can fibroblasts. However, although for the present studies it was helpful to be able to clone MGL8 cells in the absence of a feeder layer, under these circumstances the plating efficiency is disappointingly low, and it is even lower in other diploid lymphoblast lines. Attempts to increase the plating efficiency of these lines have been unsuccessful so far.
